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httpicense.Abstract In the present work, the nanoclay composites were fabricated using the synthesized poly
6-(3-aminophenoxy) hexane-1-thiol, poly 8-(3-aminophenoxy) octane-1-thiol and poly 10-(3-amino-
phenoxy) decane-1-thiol surfactants with gold nanoparticles. The polymeric thiol surfactants were
ﬁrst assembled on gold nanoparticles and then impregnated into the clay matrix. Different
spectroscopic and microscopic techniques such as X-ray diffraction (XRD), Scanning electron
microscope (SEM) and Transmission microscope (TEM) were used to characterize the fabricated
nanoclay composites. The results showed that the polymeric thiol surfactants assembled on gold
nanoparticles are located in the interlayer space of the clay mineral and affected the clay structure.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
The intercalated nanocomposites can be used in different
scientiﬁc areas. The applications include their use for fabrica-
tion of paper, paints, and inks, for optical, electrical, catalytic,
thermal, and mechanical industries, for ceramic raw material,(E.M.S. Azzam).
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://dx.doi.org/10.1016/j.ejpe.2013.1cosmetics, medicines, and so forth [1–5]. Nanoclays for plastic
composites refer to a category of clay minerals with a special-
ized structure that was characterized by plate morphology. The
most widely used nanoclay for plastic composite is modiﬁed
montmorillonite clay. Montmorillonite is a 2-to-1 layered
smectite clay mineral with a platy structure. Each layer has 2
tetrahedral sheets containing an octahedral sheet between
them. Individual platelet thicknesses are just 1 nm, but surface
dimensions are generally 300 to more than 600 nm, resulting in
an unusually high aspect ratio. Hundreds or thousands of
these layers are stacked together with vander Waals forces to
form clay particles [6]. Polymer-layered silicate nanocompos-
ites have recently gained a great deal of attention because they
offer a great potential to provide superior properties when
compared to pure polymers and conventional ﬁlledgyptian Petroleum Research Institute.
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Scheme 1 Chemical structure of the synthesized polymeric
surfactants (C6, C8 and C10).
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Figure 1 UV spectra for the AuNPs solution.
494 E.M.S. Azzam et al.composites. The properties include high dimensional stability,
high heat deﬂection temperature, reduced gas permeability,
improved ﬂame retardance, and enhanced mechanical proper-
ties [7–9]. Since the advent of nylon-6/montmorillonite nano-
composites developed by Toyota Motor Co., the studies on
polymer/clay nanocomposites have been successfully extended
to many other polymer systems [8]. Smectite clays have
increasingly attracted research interests as hosts for the prepa-
ration of nanoparticle/clay nanocomposites in the past decade
due to the possibility to retain the small size and various
shapes of the nanoparticles after intercalation and further
industrial exploitation of the composite [10]. The unique phys-
icochemical properties of smectite clays are the result of their
extremely small crystal size, variation of the internal chemical
composition, structural characteristics caused by chemical fac-
tors, large cation exchange capacity, large chemically active
surface area, variation in types of exchangeable ions and
surface charge, and interactions with inorganic and organic
liquids. Clay minerals have a very strong swelling and adsorp-
tion capacity, which is particularly interesting for the impreg-
nation of catalytically active noble metals in the interlamellar
space of clay [11]. Several methods were reported in the litera-
ture for the preparation of nanoparticle/clay (especially SiO2-
based clays) composites [12–18]. The impregnation of pre-
formed nanoparticles into a clay matrix can offer a new and
facile procedure for nanometal/clay composite fabrication
where the size and morphology of the nanoparticles are better
controlled by separate and mostly standard preparation steps
[19]. The past decade has seen a great upsurge in research on
polymer–clay nanocomposites, because these materials can of-
fer enhanced ﬁre, mechanical and barrier properties compared
to polymer composites containing traditional ﬁllers. Work has
been conducted on a wide variety of polymers, including ther-
moplastics, such as styrenics, polyoleﬁns, etc. and thermoset-
ting materials, such as epoxy resins and phenolics [20]. Here
in, we investigated the fabrication of nanoclay composites
using the synthesized polymeric thiol surfactants and gold
nanoparticles. The fabricated nanoclay composites were char-
acterized using different experimental techniques such as X-ray
diffraction (XRD), Scanning electron microscope (SEM) and
Transmission microscope (TEM). In addition, we studied the
effect of the synthesized polymeric surfactants and the gold
nanoparticles on the properties of the prepared nanoclay
composites.
2. Materials and methods
2.1. Materials
2.1.1. Synthesize of the polymeric thiol surfactants
The polymeric thiol surfactants under investigation were syn-
thesized according to the previous publication [21]. The chem-
ical structure (Scheme 1) of the synthesized poly 6-(3-amino
phenoxy) hexane-1-thiol, poly 8-(3-amino phenoxy) octane-1-
thiol and poly 10-(3-amino phenoxy) decane-1-thiol
surfactants was conﬁrmed using FTIR and thermal gravimet-
ric analysis (TGA).
2.1.2. Synthesize of gold nanoparticles (AuNPs)
Gold nanoparticles (AuNPs) of 25 nm size were prepared
by the reduction of tetrachloroauric acid (HAuCl4) usingtri-sodium citrate (Na3C6H5O7). 2 ml of tetrachloroauric acid
solution (1%) was heated to boiling temperature then 2.5 ml
of tri-sodium citrate solution (1%) was added slowly and stir-
red until the color changed to winy red. All solutions were pre-
pared using pure distilled water which was obtained by passing
twice-distilled water through a Milli-Q system. The formation
of gold nanoparticles colloidal solution was characterized
using the TEM and UV analysis as shown in Figs. 1 and 2 [22].
2.1.3. Assembling of the synthesized polymeric surfactants on
gold nanoparticles
The synthesized surfactants were assembled onto the surface of
gold nanoparticles by mixing 20 ml of the prepared AuNPs
solution with 5 ml of 1 · 105 M from surfactant solution
and stirred at room temperature for 24 h until the solution be-
came colorless [23].
2.1.4. Synthesize of clay nanopowder
The nanopowder form of the clay was prepared using RETS-
CH Planetary Ball Mills Type PM 400. The clay sample was
milled using the ball mill at a speed of 150 rpm for 8 h [24].
Figure 2 TEM of the gold nanoparticles (AuNPs) solution.
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The fabrication of the nanoclay composites using AuNPs solu-
tion was carried out as shown in the previous publication [19].
A total of 1 g of the clay nanopowder was dispersed in 250 ml
of water for swelling for 48 h. The clay nanopowder was then
separated by centrifugation and transferred into the suspen-
sion solution (50 ml) of AuNPs. The mixture was stirred for
24 h. The precipitate was separated by centrifugation, washed
with water, and dried under vacuum overnight.
2.1.6. Fabrication of the nanoclay composite with nanostructure
of the synthesized polymeric surfactants (C6–C10) assembled
on AuNPs
The fabrication of the nanoclay composites using the synthe-
sized polymeric surfactant assembled on gold nanoparticles
was carried out as shown in the above step as follows: A total
of 1 g of the clay nanopowder was dispersed in 250 ml of water
for swelling for 48 h. The clay nanopowder was then separated
by centrifugation and transferred into the suspension solution
(50 ml) of the polymeric surfactant assembled on gold nanopar-
ticles in order to prepare the clay nanocomposite with the nano-
structure of these polymeric surfactants. Themixturewas stirred
for 24 h. The precipitate was separated by centrifugation,
washed with water, and dried under vacuum overnight [19].
2.2. Methods
2.2.1. X-ray diffraction (XRD)
X-ray diffraction patterns were recorded with a Pan Analytical
Model X’Pert Pro, which was equipped with CuKa radiation
(k= 0.1542 nm), Ni-ﬁlter and general area detector. The dif-
fractograms were recorded in the 2h range of 0.5–10 with step
size of 0.02 and a step time of 0.605.
2.2.2. Scanning electron microscope (SEM)
Scanning electron microscope (HR-SEM) data for the nano-
structure of the prepared samples in this work were obtainedusing SEM model Oxford instrument INCA/Sight 40 kV.
The measurements were carried out at the National Research
Centre.
2.2.3. Transmission electron microscope (TEM)
A convenient way to produce good TEM samples is to use
copper grids. A copper grid was pre-covered with a very thin
amorphous carbon ﬁlm. To investigate the prepared samples,
small droplets of the suspended solution for each sample were
placed on the carbon-coated grid. A photographic plate of the
transmission electron microscopy (Type JEOL JEM-1230
operating at 120 kV attached to a CCD camera) was employed
in the present work to investigate the nanostructure of the pre-
pared samples.3. Results and discussion
3.1. X-ray diffraction (XRD)
XRD patterns of the clay nanopowder, clay nanocomposite
with AuNPs and the clay nanocomposite with the nanostruc-
tures of the synthesized polymeric surfactants with AuNPs
are represented in Fig. 3(a–e). Fig. 3(a) shows the XRD pat-
tern of the clay nanopowder, the shift to lower 2h values of
the (001) and (002) reﬂections corresponding to Na+-mont-
morillonite can be explained by swelling in the inter lamellar
space of the clay mineral as represented by Belova et al. [19].
The results in Fig. 3(b) illustrate the XRD peaks of the nano-
clay composite loaded with AuNPs. It was noticed that the
samples have high intensity sharp peak corresponding to the
(111) plane. In addition, the XRD pattern in Fig. 3(b) shows
four peaks, the mean peak at 2h= 29.9o corresponds to (110)
and the other three slightly weak peaks at 2h= 44.4o, 64.8o,
and 77.9o correspond to the (200), (220) and (311) planes
of the cubic Au crystal, respectively. The XRD patterns in
Fig. 3(c–e) for the clay nanocomposite with the nanostructures
of the synthesized polymeric surfactants with AuNPs show
some additional peaks to those that appeared in the Fig. 3(a
and b) which is related to the presence of the synthesized poly-
meric surfactants (C6–C8) assembled on AuNPs. The results
from Fig. 3(c–e) can conﬁrm the formation of the clay nano-
composite with the nanostructures of the synthesized poly-
meric surfactants.
3.2. Scanning electron microscopy (SEM)
The SEM technique was used to investigate the surface mor-
phologies of the prepared samples. The surface morphologies
of the clay nanopowder, the fabricated clay nanocomposite
with AuNPs and the fabricated clay nanocomposite with the
nanostructure of the synthesized polymeric surfactants with
AuNPs are shown in Fig. 4(a–e). The structures of the clay
nanopowder and the fabricated clay nanocomposite with
AuNPs are indicated in Fig. 4(a and b) shows a massive lay-
ered structure with some large ﬂakes and some inter layer
spaces. A comparison between the SEM images in Fig. 4(a
and b), it is noticed that nearly the same surface morphologies
are seen with the exception that the inter layer spaces are de-
creased in Fig. 4(b). This may be related to the impregnation
of the AuNPs between the clay layers. The SEM images of
Figure 3 XRD patterns of the clay nanopowder (a), the clay nanocomposite with AuNPs (b), the clay nanocomposite with the
nanostructure of C6 polymeric surfactant assembled on AuNPs (c), the clay nanocomposite with the nanostructure of C8 polymeric
surfactant assembled on AuNPs (d) and the clay nanocomposite with the nanostructure of C10 polymeric surfactant assembled on
AuNPs (e).
496 E.M.S. Azzam et al.the fabricated clay nanocomposite with the nanostructure of
the synthesized polymeric surfactants assembled on AuNPs
in Fig. 4(c–e) show different surface morphologies than that
of the clay nanopowder and clay nanocomposite with AuNPs.
It is noticed that the inter layer spaces are more decreased in
Fig. 4(c–e) which indicate the impregnation of the nanostruc-
ture of the polymeric surfactants between the clay layers. In
addition the SEM images in Fig. 4(c–e) show that these interlayer spaces decrease as the alkyl chain length of the synthe-
sized polymeric surfactants increased from C6 to C10.
3.3. Transmission electron microscope (TEM)
In this study the TEM technique is used for further investiga-
tion of the fabricated clay nanocomposite with AuNPs and
with the nanostructures of the synthesized polymeric
Figure 4 SEM images of the clay nanopowder (a), the clay nanocomposite with AuNPs (b), the clay nanocomposite with the
nanostructure of C6 polymeric surfactant assembled on AuNPs (c), the clay nanocomposite with the nanostructure of C8 polymeric
surfactant assembled on AuNPs (d), and the clay nanocomposite with the nanostructure of C10 polymeric surfactant assembled on
AuNPs (e).
Fabrication and characterization of nanoclay composites 497surfactants assembled on AuNPs. The TEM images of the clay
nanopowder, clay nanocomposite with AuNPs and clay nano-
composite with the nanostructures of the synthesized
polymeric surfactants assembled on AuNPs are presented inFig. 5a–e. The TEM image in Fig. 5a demonstrates the typical
structure of the montmorillonite clay image. It can be noticed
from this image that there is a homogeneous distribution of the
clay ﬂakes. The TEM images of the clay nanocomposite
Figure 5 TEM images of the clay nanopowder (a), the clay nanocomposite with AuNPs (b), the clay nanocomposite with the
nanostructure of C6 polymeric surfactant assembled on AuNPs (c), the clay nanocomposite with the nanostructure of C8 polymeric
surfactant assembled on AuNPs (d) and the clay nanocomposite with the nanostructure of C10 polymeric surfactant assembled on
AuNPs (e).
498 E.M.S. Azzam et al.presented in Fig. 5b show a homogenous loading of the gold
nanoparticles inside the clay matrix. Comparing the TEM
micrographs in Fig. 5(a and b) conﬁrmed the formation ofthe clay nanocomposite with the AuNPs. In addition, the
TEM images in Fig. 5(c–e) shows the distribution of nano-
structure of the synthesized polymeric surfactants assembled
Fabrication and characterization of nanoclay composites 499on AuNPs within the inter layer spaces of clay which is com-
patible with the XRD and SEM results in this work and con-
ﬁrm the formation of the clay nanocomposite . It is clear from
the TEM images in Fig. 5(c–e) that as the alkyl chain length of
the polymeric surfactants increases from C6 to C10 the ﬁlling
of the inter layer spaces of clay by the nanostructures of these
polymeric surfactants increases.
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